Abstract: Superhydrophobic poly(methylmethacrylate) (PMMA) surface with nanostructure was prepared effectively via phase separation and selective solvent method. It is proposed that the cooperation of the nanostructure of PMMA surface and the surface group reorientation leads to the superhydrophobicity of PMMA surface. The superhydrophobic PMMA surface with nanostructure was characterized by scanning electron microscope (SEM) and water contact angle (WCA) measurements. The blood compatibility of the superhydrophobic PMMA surface with nanostructure was evaluated by platelet-rich plasma (PRP) and fresh human whole blood contacting experiments using pure flat PMMA film as the control. These two experiments demonstrated that blood compatibility of the superhydrophobic PMMA surface with nanostructure is better than that of the pure flat PMMA film. The significance of this research lies in that it will greatly broaden the application range of materials that can be used as biomaterials by fabrication of superhydrophobic surfaces.
Introduction
In the last decade, study of superhydrophobic surface with water contact angles greater than 150° has attracted much attention by so many research groups of the world because of its importance in both fundamental research and practical applications [1] [2] [3] [4] [5] [6] [7] [8] . Conventionally, the hydrophobicity of a surface can be enhanced by two methods: one is to create a rough surface and another is to modify the surface with materials of low surface free energy [9] . The reported methods to prepare superhydrophobic surfaces include phase separation, electrochemical deposition, chemical vapor deposition, fluorinated materials roughening, templatebased extrusion, solvent-induced crystallization, Teflon film extending, polymer electrostatic spinning, microsphere/inorganic materials arraying, etching, lithography, etc. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Beyond the research on fabrication methods for superhydrophobic surface, recently, more and more attention has been attracted to the potential functional applications of superhydrophobic coatings in different realms including biosurface, anti-biofouling, transparent and anti-reflective superhydrophobic coatings, structural color, fluidic drag reduction, enhancing water supporting force, controlled transportation of fluids, superhydrophobic valve, battery and fuel cell application, prevention of water corrosion and oil-water separation [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Now, the non-wettable character has been claimed in biomedical applications ranging from blood vessel replacement to wound management [21] . As well as known, a substantial part of current research in biomaterials is focused on design and preparation of polymers with perfect or near-perfect blood compatibility [33] [34] [35] . The ultimate goal of that work is to find materials featuring complete absence of surface-induced thrombus formation, a phenomenon that poses serious problems in the functioning of implants and other medical devices. A potential solution to the problem of thrombogenic polymers may be realized by modifying the surfaces of polymers. In order to obtain more blood compatibility polymer materials, many different complex chemical methods for polymer surface modification have been attempted by scientists [36] [37] [38] [39] [40] [41] [42] .
However, only a small number of papers concerning superhydrophobic biocompatible polymers have been published, aimed at improving blood compatibility [43] [44] . In this case, the blood compatibility of a novel superhydrophobic PMMA surface with nanostructure, which can be obtained by mimicking nature's model for self-cleaning surfaces that acquiring inspiration from lotus leaves with superhydrophobicity, not changing chemical composition of the surface, will be investigated by our research group. The preparation of superhydrophobic PMMA surface with nanostructure was described. The morphography and superhydrophobicity of the PMMA surface with nanostructure were characterized by scanning electron microscope (SEM) and water contact angle (WCA) measurements. The blood compatibility of the superhydrophobic PMMA surface with nanostructure was evaluated by platelet-rich plasma (PRP) and human whole blood contacting experiments.
Results and discussion
A superhydrophobic PMMA surface with nanostructure was prepared by a simple and inexpensive method that reported from Cao's group [45] . In brief, a mixture of PMMA and polystyrene (PS) (30/70, w/w) was dissolved in tetrahydrofuran (THF) to form a 5wt% solution. Polymer films were made by spin-casting the solution on glass slide by ~ 3000 rpm at room temperature. To remove PS and cyclohexane, then the polymer films were exposed to enough cyclohexane and water, successively. After that, the PMMA films were taken out from water, dried in vacuum oven. The surface morphology of the PMMA superhydrophobic surface observed by SEM is shown in Fig. 1 . From SEM image (Fig. 1a,1b) , we found that the surface of glass was covered with nanoparticles in the size of a few hundred nanometers. As analyzed by Cao's group, the final surface morphology is determined by the phase separation of the as spin-cast film and selective solvent treatment. The phase separation of the as spin-cast film is affected by a number of factors, such as molecular weight and distribution, blend composition, spinning rotating speed, solvent and evaporation rate, solution concentration and substrate affinity, etc [45] [46] [47] [48] [49] [50] . Polymers with narrow molecular weight distribution are often used in the phase separation morphology studies in order to make clear the molecular weight affection or to obtain uniform structures. It is the reason why there is the difference between the two surface morphologies that obtained from our case and Cao's [45] , respectively. Moreover, higher spinning rotating speed that adopted in our case is also an important factor for the formation of nanostructured surface morphologies. The hydrophobicity of the nanostructured PMMA surface was measured by means of WCA. The WCA of the nanostructured PMMA surface (153.2 ± 2.5°) (Fig. 2a ) increased in comparison with the pure flat PMMA films (69.4 ± 1.6°) (Fig. 2b) . It was believed that the superhydrophobicity of the nanostructured PMMA surface can be attributed to both roughness (high surface area ratio) and group reorientation. In the process of reorientation, some hydrophobic groups sited below the surface moved onto the surface. Meanwhile, some hydrophilic groups that originally exposed to the air rotated underneath the surface (Fig. 3) . About this phenomenon, a convictive explanation was offered by Cao's research group [45] . Fig. 3 . Scheme of the different conformations of PMMA chain on the surface (a) before and (b) after group reorientation. After the treatment, some comparative hydrophilic ester groups on the surface change their sites with CH 3 groups' undersurface. Most of the methyl groups are exposed outside the surface, while most hydrophilic ones are buried inside the surface [45] .
Platelet interaction studies in polymeric biomaterials, involving the effect of surface chemistry and of surface topography, are still scarce and studies on both surface chemistry and topography effects in relation to platelet adhesion and hemocompatibility are still very preliminary [34] [35] [51] [52] [53] [54] [55] . As a comparison, the pure flat PMMA (Fig. 4a and 4b ) displayed the highest platelet adhesion and had a large amount of blood cells and fibrins adsorbed. In contrast, few platelets were observed on the nanostructured PMMA surface (Fig. 4c and 4d) , which did not correlate with the large amount bloods cells and fibrins adsorbed. As we know, the process of coagulation starts on the surface where platelets aggregate with the formation of fibrin network. A thrombus is formed from the combination of mutually fused platelets plus the insoluble fibrin and the cells that it has trapped from the blood. Based on the above observations, it was believed that thrombus were difficult to form onto the superhydrophobic PMMA surface without fused platelets and cells, which was caused by the superhydrophobic effect. Barthlott and Neinhuis pointed out the leaves of Nelumbo nucifera afford an impressive demonstration of this effect, which is, therefore, called the ''Lotus-Effect'' and which may be of great biological and technological importance [56] [57] . In this case, the biological and technological importance of the ''Lotus-effect'' were validated by our research work. 
Conclusions
The combination of biomaterials science and nanotechnology will bring innovation and inspiration to preparation of new biomaterials and new applications. The superhydrophobic PMMA surface with nanostructure was prepared effectively via phase separation and selective solvent method. The two experiments including PRP and fresh human whole blood contacting tests demonstrated that blood compatibility of the superhydrophobic PMMA surface with nanostructure is better than that of the pure flat PMMA film. The good blood compatibility of the nanostructured PMMA superhydrophobic surface was obtained by mimicking nature's model for selfcleaning surfaces that acquired inspiration from lotus leaves. Nature inspires scientists through its creation of aesthetic functional systems, in which biology meets materials. We believe that using nature is the best method to solve natural problem. There is great hope that biomimetics will help mankind develop technologies that improve our quality of life.
Experimental

Materials
PMMA (M w =118.2 kg/mol, M w /M n =1.52) was supplied by Zhenjiang Chi Mei Co. Ltd, China, and polystyrene (PS, M w =231.9 kg/mol, M w /M n =1.98) was supplied by Sinopec Yanshan Petrochemical Co. Ltd, and used without any further treatment. Other chemicals were reagent grade and used without further treatment. PRP and Fresh human whole blood were directly provided by Blood Center of Jiangsu Province, China. The number of platelets in the PRP determined with a Coulter counter (Sysmex KX-21, East Asia Company, Japan) was 1.010 9 unit/ml.
Preparation of nanostructured PMMA surface with superhydrophobicity [45] A mixture of PMMA and PS (30/70, w/w) was dissolved in tetrahydrofuran (THF) to form a 5wt% solution. Polymer films were made by spin-cast the solution on glass slide by ~ 3000 rpm at room temperature. Then they were exposed to enough cyclohexane at 70 ºC for 30 min. To remove cyclohexane, the films were immersed in water for 2 days. After that, the films were taken out from water, dried in vacuum oven.
Characterization
The surface with nanostructure was observed by SEM (JSM Model 6300 Scanning electronic microscopy, JOEL, Japan) following gold-sputtering on the surface. WCA was measured on an optical contact angle meter (SL200B, Solon. Tech. Inc., China) under ambient conditions by a sessile water drop method at room temperature. Drops of purified water (3 μl) were deposited onto the PMMA surfaces, and the readings were stabilized and taken in 60 s after dropping. Reported data were averages of five measurements at different places on the sample surface.
Platelet and fresh human whole blood adhesion tests
The pure flat PMMA and PMMA superhydrophobic surfaces were placed into cell culture plates. To equilibrate the film surface, 3 ml of phosphate buffered solution [(PBS) pH 7.4; ionic strength, 0.15 M] was added into each well and allowed to remain for 12 h. After removing the PBS, 3 ml of freshly prepared PRP of human blood which was prepared from citrated fresh human blood (Blood Center of Jiangsu Province, China, the number of platelets in the PRP determined with a Coulter counter (Sysmex KX-21, East Asia Company, Japan) was 1.0 × 109 unit/ml), was poured on the film and allowed to remain for 90 min at 37 °C. The PRP was removed with an aspirator, and the film was rinsed three times with 3 ml of PBS. Then, 3 ml of 2.5 vol % glutaraldehyde in PBS was poured into each well, and the materials were maintained at room temperature for 30 min to fix the platelet on the film. The film was washed with PBS again and then subsequently dehydrated by systemic immersion in a series of ethanol-water solutions [50, 60, 70, 80, 90, 95 and 100% (v/v)] for 30 min each and allowed to evaporate at room temperature. The surface of the film was observed with SEM following gold-sputtering on the film surface. For SEM, six same specimens were observed. The presented images are representative. Instead of PRP, fresh human whole blood was applied to clarify the blood components adhesion with an incubative time of 30 min. For SEM, six same specimens were observed.
